The main function of the on-load tap changing (OLTC) regulators consists of maintaining a constant voltage in order to feed critical loads despite the load changes or voltage changes in the ac mains. The traditional regulators are still used nowadays, but present several disadvantages, like a slow response, which reaches from 100 ms to several seconds. These drawbacks can be overcome if the OLTC regulators would have shorter response time, commuting several times every cycle of the mains. There are two basic topologies for fast OLTC regulators, the first one consists of several taps and uses hard switching. The second one consists of two main switches commuting at high frequency, using softswitching in order to reduce the power losses. The present topology is of the second type. This paper presents a mathematical model of the power stage of the proposed regulator. The model includes the parasitic resistances and the leakage inductances in order to obtain a better comprehension of the regulator operation. A parametric analysis has been done in order to observe the influence of the parasitic elements in the performance of the main parameters of the topology. The model is verified by experimental results obtained using a 500 W prototype.
Nomenclature

C R
Resonant capacitor I CA Load current L AUX Auxiliary inductance f R Resonant frequency L 1 Upper branch current-limiting inductance L 2 Lower branch current-limiting inductance L K1 Upper branch leakage inductance L K2 Resonant branch leakage inductance L K3 Lower branch leakage inductance L KAUX Auxiliary branch leakage inductance L R Resonant inductance n Transformation ratio R P1 Upper branch parasitic resistance R P2 Resonant branch parasitic resistance R P3 Lower branch parasitic resistance V TAP Voltage between main taps V AUX Auxiliary tap voltage V SW Switch drop voltage i 1 Upper branch current
Introduction
The on-load tap changing regulators (OLTC) are widely used to improve the power quality in industrial installations (electromechanical regulators) and low power installations (solid state regulators, ferroresonant regulators). The main function of the OLTC regulators consists of maintaining a constant voltage in order to feed critical loads despite the load changes or voltage changes in the ac mains. Traditional regulators (ferrorresonant, mechanical or solid state regulators using triacs) are still used nowadays, but present several disadvantages, like a slow response, which reaches from 100 ms to several seconds. 1 These drawbacks can be overcome if the OLTC regulators would have shorter response times, commuting several times every cycle of the mains. This allows the correction of additional problems in the ac mains, such as sags and flicker. The need for fast acting OLTC regulators has been envisaged at least since 1974 since they could replace directly the traditional ones. 2 On the other hand, the insulated gate bipolar transistor (IGBT) is still the most promising device for high frequency and medium power applications and is suitable to be used in fast OLTC regulators.
There are two basic topologies for fast on-load tap changing regulators, the first one consists of several taps and uses hard switching. Depending on the input voltage, the control selects one of the taps in order to maintain the constant output voltage. 3 The second one consists of two main switches commuting at high frequency, using softswitching in order to reduce the power losses. The present topology is of the second type and it has been proposed in Zero-Current Switching (ZCS) has been widely researched in dc-dc converters, but only a few works have been presented in ac-ac power converters. 4 This resulting topology is very sensitive to the parasitic elements, which affects the performance of the power topology of the regulator. This paper presents a mathematical model of the power stage of the proposed regulator. It includes the parasitic resistances and the leakage inductances in order to obtain a better comprehension of the regulator operation. 5 The model is verified by the experimental results obtained using a 500 W prototype in open loop. Fig. 1 shows the proposed regulator, which is based on the differential regulator (two taps) with a resonant (L R -C R ) branch, added in order to obtain the ZCS condition. The power topology of the proposed regulator mainly consists of a transformer with two main taps and two auxiliary taps. It also includes two coupled current-limiting inductances (L 1 , L 2 ) and an auxiliary inductance (L AUX ). The operation consists of applying a fixed commutation frequency between the main taps (A, C) and by controlling the duty cycle of the main switches (SW 1 , SW 2 ) in order to adjust the output voltage of the regulator. This system is an ac-ac converter where a LC filter is used to recover the fundamental component at 60 Hz of the ac mains. The voltage at tap A is selected in order to maintain the output voltage at the minimum allowed value when the input voltage is at the minimum allowed value for the maximum load. In the same way, the voltage at tap C is selected in order to maintain the output voltage at the maximum allowed value when the input voltage is at the maximum allowed voltage for the minimum load. The voltage across tap B is at the middle value of the voltage across taps A and C. The ratio between the current limiting inductances (L 1 , L 2 ) and the auxiliary winding (L AUX ) is n. The value of L 1 and L 2 is selected in order to limit the short-circuit current to a value of 10% of the load current when both main switches (SW 1 , SW 2 ) are turned-on. 
Operation of the proposed regulator
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Circuit analysis
Fig . 2 shows the equivalent circuit of the power stage of the proposed regulator. To simplify the analysis, the series load inductance is assumed large enough to be considered as an ideal current source. The voltage across the taps is assumed to be constant during the commutation process, since the commutation frequency is higher than the frequency of the ac mains. The bi-directional current switches are considered as constant voltage sources. Each regulator branch includes the parasitic resistances (R P ) and inductances (L k ) due to the dispersion flux of the main transformer and the current limiting inductances (L 1 , L 2 ) which are coupled with the auxiliary inductance (L AUX ). The commutation process from the upper to the lower tap has the following initial conditions: a load current flows through SW 1 and SW 2 is opened. Fig. 3 shows the equivalent circuit in each period of the commutation process while Fig. 4 shows the behavior of the main parameters. The remaining equations are shown in the appendix.
Resonant period [t 0 -t 1 ]
Fig. 3-a shows the equivalent circuit during this period, which begins when SW 2 is turned on (t 0 ). The resonant branch produces a resonant oscillation forcing the current through SW 1 to cross zero. The interval finishes when the switch SW 1 is turned-off at the second zero crossing (t 1 ). The initial conditions of the currents through the main switches are:
The current in the main switch SW 1 is given by:
where: while the current through the main switch SW 2 is given by:
and the current in the resonant branch is given by:
Quasi-linear period [t 1 -t 2 ]
The equivalent circuit during this period is shown in Fig. 3 -b. This period begins when the switch SW 1 is turned-off and the auxiliary switch SW 3 is turned-on. When closing SW 2 a change in the magnetizing current of the current-limiting inductances is produced. The auxiliary winding limits the overvoltage during this interval. This interval finishes when the voltage across the auxiliary winding is higher than V AUX and D AUX conducts (t 2 ). The following equation describes the current through SW 2 : where: (10) while the current through the resonant branch is given by:
Demagnetizing period [t 2 -t 3 ]
Fig. 3-c shows the equivalent circuit during this period. A current flows through the auxiliary winding, imposing a constant voltage across the current-limiting inductances. The interval finishes when this current becomes zero (t 3 ). The demagnetizing interval is the largest interval of the commutation process. Eq. (12) describes the current through SW 2 in the period. 
where: (14) while the current through the resonant branch is described by Eq. (15).
Final period [t 3 -t 4 ]
The equivalent circuit during this period is shown in Fig. 3-d . This period begins when the current through the auxiliary switch SW 3 becomes zero and this switch is turned-off. Now, the load current flows through the main switch SW 2 . This interval finishes after an oscillating time (t 4 ). At the end of this interval, the circuit is ready for the next operating cycle. Eq. (16) describes the performance of the current in the switch SW 2 . (17) while the current through the resonant branch is given by:
Power stage design
The values of the elements of the power stage are: The measured values of the parasitic elements are:
In order to verify the developed mathematical analysis, the behavior of the regulator was simulated in Mathematica. Fig. 5 shows the current through the main switches and the resonant branch during the four periods of the commutation process, from tap A to tap C. The current through SW 1 begins from a positive level of I CA , crossing by zero. It can be observed in Fig. 5 that SW 1 turns-off under zero-current condition. A negative current is imposed on SW 2 and it finished by conducting a positive load current, as it can be observed in Fig. 5 . The resonant branch current (i CR ) begins at zero and finishes near zero at the end of this commutation period. Fig. 6 shows the performance of the current through the auxiliary winding during the demagnetizing period.
Parametric analysis
During the operation of the prototype it was observed that the parasitic elements affect considerably the performance of the current through the main branches (upper, lower and resonant). The fast OLTC model was implemented in the MATLAB program. A parametric analysis was performed, in order to observe the influence of the parasitic resistances and the leakage inductances on the performance of the power topology of the fast OLTC. Several cases have been analyzed. This paper reports only the case corresponding to the following conditions: commutation from the upper tap to the lower tap at peak input voltage. Fig. 7 shows the influence of the leakage inductance of the resonant branch, L K2 . Fig.  7 -a shows the effect produced on the current through the upper branch, i 1 . It can be observed how the peak current is reduced and the duration is increased according to the increment in the value of L K2 . Fig. 7-b shows how the current through the auxiliary branch, i AUX , is affected. It can be observed as there is an increment in the oscillations when the value of L K2 is increased. Fig. 7-c shows how the duration of the resonant period (t 1 -t 0 ) and the quasi-linear period (t 2 -t 1 ) vary according to the increment in L K2 . Fig. 8 shows the influence of the leakage inductance of the upper branch, L K1 . Fig. 8-a shows how the current i 1 is affected by the value of L K1 . It can be observed that the peak current is reduced and the duration is increased when the value of L K1 is increased. Fig. 8-b shows the effect on the current i AUX . It can be observed that the oscillations increase according to the increment in the value of L K1 . Fig. 8-c shows how the duration of the resonant period (t 1 -t 0 ) and the quasi-linear period (t 2 -t 1 ) vary according to the increment in L K1 . Fig. 9 shows the influence of the parasitic resistance of the resonant branch, R P1 . Fig.  9 -a shows how the current i 1 is affected by the value of R P1 . It can be observed that the peak current is reduced when the value of R P1 is increased. Fig. 9-b shows the effect on the current i AUX . It can be observed that the oscillations are reduced according to the increment in the value of R P1 . Fig. 9-c shows how the duration of the resonant period (t 1 -t 0 ) and the quasi-linear period (t 2 -t 1 ) vary according to the increment in R P1 . It can be observed that the peak current and the duration are increased when the value of V TAP is increased. Fig. 11 shows the influence of the auxiliary tap voltage, V AUX , on the current through the auxiliary branch, i AUX . It can be observed that the increment in the value of V AUX produces an increment in the peak current and the period duration. According to the above observations, it has been verified that the parasitic elements of the power stage affect considerably the performance of the current through the main branches and the auxiliary branch. The peak current and the duration of the periods are affected by the value of the parasitic elements. The main consequence is that zero effect switching could not be achieved. Fig. 12 shows the scheme of the quasi-resonant fast on-load tap changing regulator. The control stage is based on voltage sensors, current sensors and the microcontroller PIC16C74. Current sensors and zero crossing detectors are used to achieve the zero current switching. The microcontroller was selected because of its short execution time (200 ns). The main function of the control stage consists of controlling the turn-off and turn-on of the main switches and the auxiliary switches. The microcontroller receives the signals of the current through the main switches, the load current and the output voltage. Based on this information, the microcontroller selects the appropriate auxiliary switch to be turned-on. The isolation between the power and the control stage is obtained by the use of optocouplers. The voltage sensors are based on a transformer, while the current sensors are of the Hall effect type
Control stage
Experimental results
In order to verify the theoretical results for the proposed fast on-load tap changing regulator, a 500 W prototype has been built and tested. The following tests were made in order to verify the zero current switching in an ac-ac converter and not the regulation function of the OLTC. Fig. 13 shows, at the top, the current through SW 1 and its gate signal. The current overshoots at the turn-on and turn-off of SW 1 are due to the oscillation produced in the resonant period. Fig. 14 shows the detail of the current waveform during the turn-off of switch SW 1 and the gate signal of the auxiliary switch SW 3 . It can be observed that the switch is turned off at zero current. 15 illustrates the current flowing through the switch SW 2 and the gate signal of the auxiliary switch SW 3 . A change from negative to positive polarity of the current (i SW2 ) can be observed when SW 2 is turned-on. This change of polarity can produce voltage peaks over the main switches. Fig. 16 shows the detail of the turn-off of switch SW 2 and its corresponding gate signal. It can be observed that the switch is turned off at zero current. shows the current flowing through SW 1 and the current at the auxiliary winding. The current peaks in the auxiliary winding are higher when SW 2 turns-on than when SW 1 turns-on due to the change of polarity of the current through the currentlimiting inductances.
Conclusions
A mathematical model for a Quasi-Resonant Fast OLTC Regulator has been presented. The model includes the parasitic resistances and the leakage inductances, both of which affect the performance of the regulator. In order to observe the influence of the parasitic elements on the performance of the current through the main branches and the current through the auxiliary branch, a parametric analysis has been presented. The zero current switching can be affected by the parasitic elements. Several experimental results, showing the zero current switching, have been presented. (45)   2  3  2  2   3  2  2  3  2  3  2  3  2  12 ) (
